We propose a design method of diffractive slit patterns for focusing surface plasmon polaritons. A scalar model of surface plasmon polariton excitation and interference is adopted, based on which the design method of diffractive slit patterns is built up. The validity of the proposed scalar model-based design is discussed through the comparison of the simulation results of the scalar model and the rigorous three-dimensional vectorial electromagnetic model using the rigorous coupled wave analysis.
Introduction
Surface plasmon polariton (SPP) is an electromagnetic surface mode coupled with surface conduction electrons at metal dielectric interfaces. SPP is considered to provide a unique way with which photonic systems can be integrated on nano scale chips in fusion with nanoelectronics [1] [2] [3] . Basic and advanced engineering functions as well as fundamental features of SPPs have been intensively researched. However there are still many challengeable problems in establishing basic functions for managing and controlling SPPs at the nano dimensions.
An important basic function is focusing SPPs. Since SPP is a surface bound mode, various surface nanostructures for focusing SPPs have been researched in many previous works [4] [5] [6] [7] [8] [9] [10] . Point-wise SPP generators such as subwavelength holes and dots are arrayed by the form of lens structures [4] [5] [6] to generate focused SPP patterns. Several surface dielectric structures can be used for focusing SPPs [9, 10] . The degrees of freedom for dynamic SPP focusing are also an important point in recent researches on SPP focusing [8, 9] .
In this paper, we propose a design method of diffractive slit patterns for focusing SPPs based on diffractive optics concept [11] . A two-dimensional (2-D) scalar optics model of SPP excitation and interference [12] is adopted, based on which the design method of diffractive slit patterns is built up. The feasibility of multiple SPP focusing as well as single SPP focusing with the proposed method is examined.
The validity of the proposed scalar model-based design is discussed through the comparison of the simulation results of the scalar model and the rigorous three-dimensional vectorial electromagnetic model using the rigorous coupled wave analysis (RCWA) [13, 14] .
In Section 2, design method of diffractive slit patterns and scalar model of surface plasmon polariton interference are described. In Section 3, numerical results of the RCWA are presented and discussed. In Section 4, concluding remarks are given.
Diffractive slit patterns and scalar model of surface plasmon polariton interference
In this section, the design method of diffractive slit patterns for focusing SPPs is described and practical design examples are presented. The design is based on the simple scalar model of SPP interference, of which validity will be discussed with the comparison with the numerical results of vectorial electromagnetic simulation using the RCWA in Section 3.
Let us consider the wave front of superposition field of multiple 2-D SPP point sources give by ( ) ( 
where λ is free space wavelength, a ε is the permittivity of air, m ε is the permittivity of metal (Au) substrate, and SPP λ is the SPP wavelength on air/metal interface. 
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which will be used in the discussion on the amplitude damping of SPP fields in the latter part of this paper.
To understand the proposed design method, let us first consider the complementary field of a single SPP point source which is the simplest case of Eq. (2) given by
, exp
The phase distributions of two point sources with different origins, ( ) and an x-directional polarization plane wave is normally incident on the backside of the metal film, SPPs excited on the front surface of the metal film by the curved slit propagate and produce complex interference patterns on the metal surface. In the cases shown in Fig. 2 , it is expected for SPP to form a focused spot on the origin, ( ) 0, 0 because of the circular symmetry of the circular slit pattern. However, in understanding the SPP focusing, we should necessarily consider the polarity of SPP excitation. Because the incident optical field is x-directional linear polarized, the SPP excited on the slit in the region of 0 x ≤ and that in the region of 0 x > have different polarity, that is, π -phase difference. In Figs. 2(b) and 2(d), the plus and minus signs are used to visually indicate the polarity of SPP in the inner region in 0 x ≤ and in the inner region in 0 x > , respectively. In the case of + Ω , the plussigned half circle and minus-signed half circle are denoted by a black and white half circles, respectively in Fig. 2(b) , while in the case of − Ω the plus signed half circle and minus-signed half circle are denoted by a white and black half circle, respectively, in Fig. 2(d) . Before going further, let us adopt a simple scalar SPP excitation and propagation model [12] to simulate the interference effect of the slit patterns. Basically we assume that the slit curve is filled with continuous 2-D SPP point sources, of which the center is distributed on the slit. From simple physical intuition, we assume that the SPP excitation strength and the polarity are determined by the magnitude and the sign of the inner product of the outward normal vector of the slit curve and the polarization vector, which is the x-directional unit vector in this case. Then the SPP interference pattern, ( )
where the slit curve is denoted by C , p and n are the polarization vector of the illuminating plane wave and the outer normal vector of the slit curve C , and ds is the differential length along the slit curve C . In the case of the circle slit shown in Fig. 3 (a), the SPP interference pattern is dual point SPP focus pattern as seen in Fig. 3(b) . On the circle slit, because of the π -phase difference in SPPs excited on the upper part and lower part of the circle slit, the destructive interference occurs at the origin. Thus, we can see the dual point SPP focus pattern. However, if we make a slit by combining two half circles with different polarities, for example, the white half circle of + Ω circle and the black half circle of − Ω , we can make a slit pattern with the π -phase difference compensated. The resulting slit pattern and its SPP interference pattern are shown in Fig. 3 (c) and 3(d), respectively. As shown in Fig. 3(d) , at the origin, the constructive interference occurs. The maximum SPP field intensity around the focal point of the phase compensated slit is about 1.5 times higher than that of the circle slit without the compensation of the π -phase difference.
The slit pattern design concept described above can be extended to more general design procedure of diffractive slit patterns generating multiple SPP focal spots. From the general superposed field of Eq. (2) Ω , should be extracted, for which numerical calculations are necessary. This is the phase contour extraction stage. Second, the parity of SPP excitation is analyzed with the inspection of the sign of the inner product of the outward normal vector of the slit curve, n , and the polarization vector, p . The outward normal vector of the slit curve, n , is obtained by the gradient vector of the phase function ( )
where ( ) 
and then ( ) ( ) Here, we give a discussion on the damping effect of SPP ( 0 i SPP k ≠ ) and its consideration in the proposed slit design method. In the framework addressed above, the complementary field ( ) , G x y with both counterdirectional wavenumber and exponential amplification property is used to extract the diffractive slit pattern. If SPP is excited on the extracted slit C with the definite amplitude profile proportional to the amplified amplitude profile ( ) , a x y , the amplitude profile ( ) , a x y would effectively compensate the damping loss of SPP propagating along the metal/dielectric interface and as a result, we may obtain desired SPP focusing profiles. In this case, the SPP interference pattern, ( )
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However, under the assumption of the linear polarization excitation, the polarization effect on the SPP excitation strength and polarity should be taken into account. Thus, under the intuition that the SPP excitation strength is proportional to the inner product, ⋅ p n , of the polarization, p , and the outer normal vector, n , at a local point on the slit as shown in Eq. (5), the SPP interference pattern should take the form ( ) ( ) (
This notion can be extended to the cases of other excitation conditions such as elliptical polarization excitation. In this case, the polarization vector p is not a constant vector but a spatial vector function. Since the proposed slit pattern design method is based on the simple scalar model, the polarization of the incident beam is not taken into account in the design stage. In the analysis of the constructed SPP field distribution, the polarization effect is considered as shown in Eq. (8b), where the polarization vector p is a general spatial polarization vector function. In Eq. (8b), the SPP excitation strength is assumed to be modulated by the amplitude function ( ) , a x y . However, in practice, it would be very difficult to realize the SPP amplitude modulation profiled by ( ) , a x y . This problem requires further research. In diffractive optics, it is well known that the diffractive or interferometric optical field synthesis is more strongly influenced by phase distribution than by amplitude distribution. In diffractive field synthesis problems [11] , the amplitude profile is usually set to a constant due to practical reasons (see Sec. 4 in ref. [11] ). Although the amplitude profile is less effective on the field synthesis profile than the phase profile, this constant amplitude clipping induces some background noise and slight signal degradation.
In the SPP focal spot synthesis using the diffractive slit patterns, the same concept is applicable. In the simulations of this paper, the relative amplitude profile variation is ranged from 1 to 1.5. In this case, the effect of the constant amplitude clipping is acceptable. Thus, the SPP interference pattern is represented by Eq. (5).
As the radii, 1 R and 2 R , of a concentric band (on the metal surface) increase and the focal spot pattern becomes complex, the amount of unevenness of the amplitude profile ( ) , a x y becomes larger and, as a result, the influence of the amplitude profile will be significant. The phase only optical slit pattern design with the constant amplitude profile requires specifically devised nonlinear optimization algorithm, which is an advanced problem that is posed from this paper. The simple and efficient scalar model such as Eq. (5) is inevitable for building up the optimal design method of phase only diffractive slit pattern.
In Figs. 5(a) and 5(c), the slit patterns without and with the π -phase difference compensation are shown, respectively. The resulting SPP interference patterns from respective slit patterns with the uniform SPP excitation on the slit curve are presented in Figs. 5(b) and 5(d), respectively. In the case of the circle slit shown in Fig. 5(a) , the resulting SPP interference pattern is dual point SPP focus pattern as seen in Fig. 5(b) . Because of the π -phase difference between SPPs excited on the p + Ω and n + Ω parts of the slit, the destructive interference occurs at the focal point. However, if we make a slit by combining the half circles with different polarities, for example, the white lined part of Let us consider a slightly complex slit pattern to generate dual SPP focal spots at specific positions, of which phase distribution is shown in Fig. 1(c) . The slit patterns without and with the π -phase difference compensation are shown in Figs. 6(a) and 6(c) , respectively. The resulting SPP interference patterns from respective slit patterns are presented in Figs. 6(b) and 6(d), respectively. In the case of the circle slit shown in Fig. 6(a) , the resulting SPP interference pattern is dual point SPP focus pattern as seen in Fig. 6(b) . Within the framework of the scalar model, the described slit design method is proven to successfully produce two SPP focal spots as well as single SPP focal spot. Using the design method, we can obtain diffractive slit patterns for generating multiple SPP focal spots. 
Numerical results of rigorous coupled wave analysis
In this section, the scalar model based slit pattern design method addressed in Section 2 is tested with the three-dimensional (3-D) RCWA and the scalar model and the 3-D RCWA are comparatively discussed. All slit patterns used as simulation examples are formed within 9μm 9μm × retangular area on gold (Au) film with a thickness of 300nm . Since we adopt the constant amplitude clipping in the diffractive slit pattern design, for the x-directional linear polarization backside incidence, the slit width is kept constant along the x-direction without any width variation for specifically modulating the SPP amplitude profile on the slit curves.
In the RCWA, the total number of x-directional and y-directional Fourier spatial harmonics is set to 61 61 × which is the maximum number of harmonics manageable in our personal computer (64bit CPU and 8Gb memory), fortunately, which is the truncation order showing weak convergence, and both the x-directional and y-directional supercell periods, x T and y T , are chosen as a same value of 9μm . Under this setting, the field representation resolution in the 9μm 9μm × region with 61 61 × Fourier spatial harmonics is 150nm 150nm × . In the RCWA simulation, the silt width of the tested slit patterns is set to 250nm and the real part of the SPP wavelength, r SPP λ , is 616.5nm . The RCWA resolution of 150nm is sufficient to represent the SPP eigenmode on the metal dielectric interface, that is, z-directional evanescent 2-D plane waves. Thus the setting is reasonable in representing the slit pattern structures and the generated SPP field distribution inside the concentric band.
Let us consider further the property of the SPP field distribution. We can intuitively know that the SPP field distribution inside the concentric band can be mathematically represented by the superposition of SPP eigenmodes on the metal dielectric interface. It is noted that, in Figs. 7-10 , the x-directional and y-directional polarization electric field components inside the concentric band are nearly zero, while the z-directional polarization electric field component is significant. This strongly addresses that the z-directional polarization electric field distribution on the surface inside the concentric band can be represented by the scalar expression as ( )
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The complex amplitude ( ) , b x y is simply assumed as ⋅ p n . Therefore, in the analysis of diffractive slit patterns, the most distinction point of using the 3D RCWA from using the scalar model should be placed on the fact that the 3D RCWA can provide the exact consideration of ( ) , b x y . The RCWA result shows that the SPP field inside the concentric band is a scalar field with ( ) , b x y considered fully. It should be understood that the possible difference between the results provided by the scalar model and the rigorous model with respect to the meaning of ( ) , b x y . In fact, the field distributions presented here cannot said to be fully convergent. In general, the convergence of 3D RCWA is practically a hard thing to be attained by conventional personal computers, using which the number of Fourier harmonics retained in computation is seriously limited. However, definitely, as the truncation order increases, the obtained result will be converged at a certain level. However, we can expect that the general focusing feature shown in this paper would not change seriously.
The slit patterns with and without the π -phase difference compensated that generate the single SPP focus at the origin and off-origin are examined with the RCWA. Figures 7(a) and  8(a) show the slit patterns extracted from the prototype slit patterns shown in Figs. 3(a) and 3(c), respectively. In practice, we should find the optimal slit width for efficient SPP excitation. The optimal slit width can be found by repeating parametric simulation with variation in the slit width. After parametric study with the RCWA, we adopted the optimal slit width of 250nm . The inner rim of the slit pattern is equal to the prototype slit curve, but the outer rim is obtained by translating the inner rim by the slit width, 250nm . The translation direction is outward from the origin. and z-polarization electric field intensity distributions obtained from the slit with the π -phase difference compensation are presented, respectively. In this case, because the π -phase difference is compensated in the slit pattern, a single focus pattern appear where the constructive interference occurs at the origin as expected. Figure 9 (a) shows the slit pattern with slit width of 250nm generating the off-origin SPP focal spot, of which prototype pattern is shown in Fig. 5(c) . In Figs. 9(b), 9(c), and 9(d) , the xpolarization, y-polarization, and z-polarization electric field intensity distributions obtained by the RCWA, are shown, respectively. A single SPP focal spot is formed at the specific position, which is the same position expected by the scalar model. Figure 10 shows the RCWA results of the slit pattern generating two SPP focal spots, of which prototype pattern is shown in Fig.  6(c) . In Fig. 10(a) , the slit pattern is shown and the x-polarization, y-polarization, and zpolarization electric field intensity distributions are shown in Figs. 10(b) , 10(c), and 10(d), respectively. In Fig. 10(d) , we can see that two SPP focal spots appear clearly in the zpolarization electric field distribution.
Comparing the RCWA results in this section and the scalar model results in the previous section, we can see that the scalar model based diffractive slit pattern design is reasonable. The scalar model expects well the results of the vectorial electromagnetic model although some improvement seems to be needed in the present scalar model.
In this paper, we assume the concentric band where the slit pattern is formed is constrained to 9μm 9μm × square. This restriction is just set for comparing the scalar model and the vectorial electromagnetic model using the RCWA, which is the dimensions for which the 3-D RCWA can produce a reliable analysis result with limited truncation orders of 61 61
× . As proven in the comparison of the SPP interference patterns obtained by the scalar model and the RCWA, the scalar model based slit pattern design method is a reliable method for real SPP focusing, in particular, multiple SPP focus interference patterns. Although, in this paper, we present two foci generation as an example, with a wider concentric slit band, we can make complex slit patterns producing multiple SPP spots more than two spots.
Conclusion
In conclusion, we have proposed a novel design method of diffractive slit patterns for focusing surface plasmon polaritons. The SPP interference patterns expected by the 2-D scalar model and those of the rigorous vectorial electromagnetic analysis are compared and the validity of the scalar model based slit pattern design method has been discussed. The concept presented in this paper would be extended to more general surface plasmon diffractive optical element with complex slit patterns to generate more complex designed SPP field distributions. It is still required to investigate the more accurate scalar model of the SPP diffractive structures with less deviation from the rigorous electromagnetic mode for constructing the efficient optimal design algorithm of SPP diffractive structures.
